Occurrence of the hsp70 (dnaK) gene was investigated in various members of the domain Archaea comprising both euryarchaeotes and crenarchaeotes and in the hyperthermophilic bacteria Aquifex pyrophilus and Thermotoga maritima representing the deepest offshoots in phylogenetic trees of bacterial 16S rRNA sequences. The gene was not detected in 8 of 10 archaea examined but was found in A. pyrophilus and T. maritima, from which it was cloned and sequenced. Comparative analyses of the HSP70 amino acid sequences encoded in these genes, and others in the databases, showed that (i) in accordance with the vicinities seen in rRNA-based trees, the proteins from A. pyrophilus and T. maritima form a thermophilic cluster with that from the green nonsulfur bacterium Thermomicrobium roseum and are unrelated to their counterparts from gram-positive bacteria, proteobacteria/mitochondria, chlamydiae/spirochetes, deinococci, and cyanobacteria/chloroplasts; (ii) the T. maritima HSP70 clusters with the homologues from the archaea Methanobacterium thermoautotrophicum and Thermoplasma acidophilum, in contrast to the postulated unique kinship between archaea and gram-positive bacteria; and (iii) there are exceptions to the reported association between an insert in HSP70 and gram negativity, or vice versa, absence of insert and gram positivity. Notably, the HSP70 from T. maritima lacks the insert, although T. maritima is phylogenetically unrelated to the gram-positive bacteria. These results, along with the absence of hsp70 (dnaK) in various archaea and its presence in others, suggest that (i) different taxa retained either one or the other of two hsp70 (dnaK) versions (with or without insert), regardless of phylogenetic position; and (ii) archaea are aboriginally devoid of hsp70 (dnaK), and those that have it must have received it from phylogenetically diverse bacteria via lateral gene transfer events that did not involve replacement of an endogenous hsp70 (dnaK) gene.
The 70-kDa heat-shock protein (HSP70) is a member of a set of proteins (referred to as HSPs) which undergo increased synthesis in response to a variety of physical and chemical stresses (34) . Originally identified as inducible proteins, certain HSP70s are constitutively expressed and appear to be essential for physiological cell growth (13, 26) . HSP70 has been found in all members of the domains Bacteria and Eucarya investigated until now and in some members of the domain Archaea (20, 22, 37) . Certain bacteria (Plantomycetales, Verrucomicrobiales, and Synechococcus spp.; Escherichia coli) contain more than one gene for HSP70 (39, 45, 52) , and eucaryotic genomes encode multiple HSP70 versions that are localized to the various cell compartments (cytosol, endoplasmic reticulum, mitochondria, and chloroplasts) (13) . In accordance with the proposed bacterial origins of mitochondria and chloroplasts, the (nucleusencoded) HSP70s of cell organelles are most similar in sequence to homologues from members of the class Proteobacteria and cyanobacteria, respectively (6) .
Intriguingly, HSP70-based phylogenies (20) (21) (22) (23) (24) (25) contradict both the three-domain division of living organisms inferred from analysis of small-subunit rRNAs (53, 54) and the sisterhood of Archaea and Eucarya evidenced by reciprocally rooted trees of primordially duplicated genes (7, 17, 19, 31, 35) . Unlike phylogenies of small-subunit rRNA sequences, the HSP70-based phylogenies predict a close and specific relationship between the archaea and gram-positive bacteria on the one hand and between the eucarya and gram-negative bacteria on the other, rather than between eucarya and archaea (22) . These relationships are supported, among other arguments, by the finding of a relatively conserved insert occurring in the same position in all of the HSP70s from gram-negative bacteria and eucarya but absent in all of the homologues from archaea and gram-positive bacteria (21, 22) .
The mutual affinities between eucarya, gram-negative bacteria, archaea, and gram-positive bacteria have been taken as evidence that (i) archaea and gram-positive bacteria constitute the two primary (albeit paraphyletic) lines of cellular descent, (ii) gram-negative bacteria are a late offshoot of the primitive gram-positive line, and (iii) the eucaryotic genome arose by chimerism through a unique endosymbiotic event involving the engulfment of an archaeon by a gram-negative bacterium (22) .
To study the evolution of the hsp70 (dnaK) gene family with a sample of molecules more representative than that used in earlier works, we examined the sequences currently available in the databases and added two new hyperthermophilic bacteria representing the Aquificales and the Thermotogales. These are considered to be the deepest divergences in the bacterial 16S rRNA phylogenetic tree (3, 10) . In addition, we sought the occurrence of the hsp70 (dnaK) gene in various archaea representing the euryarchaeotes and crenarchaeotes.
Here we report (i) the deduced amino acid sequences of the HSP70s from Aquifex pyrophilus and Thermotoga maritima and (ii) results of comparative analyses of these sequences and their homologues in the databases. Based on these results, and on the findings of the distribution of the hsp70 (dnaK) gene among the archaea investigated, we propose an explanation for the anomalous HSP70 phylogenies, which differs from others that are also based on HSP70 sequence comparisons. lated with the Dayhoff option of the PHYLIP program PROTDIST, which estimates the number of expected amino acid replacements per position, using a substitution model based on the PAM 120 matrix. The resultant pairwise distances were then used to construct a least-squares tree with the program FITCH. The programs SEQBOOT, PROTDIST, FITCH, and CONSENSE were used sequentially to construct a consensus tree based on 100 bootstrap replications of the original alignment. For maximum-likelihood analyses, we used the program PUZZLE version 4.0 (47) with the Jones-Taylor-Thornton (JTT) substitution model and a gamma-distributed model of site-to-site rate variation using eight rate classes to approximate the continuous gamma distribution, as well as a gamma distribution parameter ␣ estimated from the data set.
Nucleotide sequence accession numbers and alignment retrieval. The A. pyrophilus and T. maritima dnaK sequences are deposited at the EMBL GenBank database with accession no. AJ005800 and AJ005129, respectively. The sequence alignment used in this analysis (file name hsp70.aln) is available at ftp.bce.med.uniroma1.it: dir/cammara.
RESULTS
Cloning of hsp70 (dnaK) homologues. Fragments of A. pyrophilus and T. maritima dnaK genes were successfully amplified by PCR with two degenerate primers used in the past to clone dnaK genes from a number of bacteria and archaea (20, 52) . The amplified DNA fragments, having the expected length of 650 nucleotides, were found to correspond to the sequence encoding residues 152 through 372 of E. coli HSP70 (see Materials and Methods). These fragments were used as probes for isolating genomic clones containing the A. pyrophilus and T. maritima dnaK genes, and dnaK was subcloned and sequenced. In contrast, when PCR was carried out with DNA from a variety of archaea comprising both crenarchaeota (D. Alignment and sequence comparisons of Aquifex and Thermotoga HSP70s. The deduced amino acid sequences of the A. pyrophilus and T. maritima HSP70s were aligned with most of the available homologues by using CLUSTAL W and the DIALIGN segment-to-segment comparison method. In addition to A. pyrophilus and T. maritima, the global alignment included 68 sequences. Of those, 17 were from gram-positive bacteria (of both the low-and high-GϩC subdivisions), 5 were from archaea; 29 covered the genera Deinococcus and Thermus, the green nonsulfur bacteria, chlamydiae and spirochetes, ␣-␤-, and ␥ subdivisions of the class Proteobacteria, mitochondria, cyanobacteria, and chloroplasts; and 17 sequences were eucaryotic cytosolic HSP70s representing a broad sampling of eucaryal diversity. The deduced sequence of the Aquifex aeolicus HSP70 (14) that became available after databank submission of the A. pyrophilus sequence was also used. The complete alignment of 70 HSP70 sequences is retrievable via anonymous ftp as described in Materials and Methods. A subset of the global alignment highlighting strongly conserved sequence motifs constraining the alignment topology is shown in Fig. 1 . An excerpt of the alignment focusing on the insertion segment situated in the N-terminal portion of many HSP70 sequences (21, 22 ) is shown in Fig. 2 .
Consistent with previous reports (22, 37) , the HSP70s from the gram-positive bacteria and the five archaea (T. acidophilum, Methanobacterium thermoautotrophicum, M. mazei, and two members of Halobacteriales) lacked the insertion segment seen in the HSP70s from the gram negative organisms. Surprisingly, the T. maritima HSP70, unlike that of the other gram-negative bacteria, including A. pyrophilus, lacked the distinctive insertion.
Phylogenetic analysis of HSP70 sequences. Figures 3 and 4 show MP and ED trees inferred from 492 amino acid positions that could be confidently aligned among all sequences; a short stretch of 14 to 15 residues that was not unambiguously alignable between the procaryotic and eucaryotic sequences was not included in the data set. The ED tree was constructed by the least-squares method using a matrix of evolutionary distances based on the Dayhoff PAM 120 amino acid replacement model. The MP tree was one of two equally parsimonious trees (6,438 steps) that differed in minor details of the branching order.
In both trees, the deepest divide separated the eucarya from a composite procaryotic cluster showing the archaea interspersed among (and associated with) different bacterial groupings. The topologies of the two trees were basically consistent in reproducing (i) the same clustering of the taxa (a monophyletic gram-positive bacterium clade, the proteobacteria, a chlamydia-spirochete grouping, a strongly supported cyanobacterium-Deinococcus clade); (ii) a similar internal branching order within the clusters with few minor discrepancies; and (iii) the same specific associations of mitochondria with the proteobacteria and of chloroplasts with the cyanobacteria. The specific relationships seen in previous reports (22) between M. mazei and the Clostridium group of low-GϩC gram-positive bacteria, and between the Halobacterium cutirubrum/H. marismortui pair and the high GϩC gram-positive bacteria, were also confirmed by the analyses. However, due to lack of robustness of the deepest nodes (Ͻ50% bootstrap support), the In both trees, the two novel (A. pyrophilus and T. maritima) sequences formed an independent, albeit tenuously supported, grouping of thermophilic organisms with the green nonsulfur bacterium Thermomicrobium roseum and the euryarchaeotes M. thermoautotrophicum and T. acidophilum. The two archaea were strongly related to one another (100% bootstrap support) and appeared to share a last common ancestor with T. maritima. It is noteworthy that the three thermophilic bacterial taxa (Aquifex, Thermotoga, and Thermomicrobium) that clustered together in the HSP70-based trees become resolved into three independent but adjacent lineages in phylogenetic trees of small-subunit rRNA sequences (3, 10) . These show Aquificales, Thermotogales, and green nonsulfur bacteria, in that order, as three consecutive offshoots of the bacterial rRNA tree, situated immediately below the Deinococcus-cyanobacterium radiations.
The relationships between the archaeal and bacterial HSP70 sequences seen in Fig. 3 and 4 were further analyzed by quartet puzzling (QP), a maximum-likelihood algorithm that accounts for site-to-site rate variation and gives only fully resolved groupings. As expected from the lack of robustness of the ED and MP trees, the topology of the QP tree (Fig. 5 ) was largely star-like, indicating that the phylogenetic content of the HSP70 data set does not allow the resolution of the deepest relationships between the largest procaryotic groupings (48) . Importantly, however, the tree-like component of the QP phylogeny recovered the association of T. maritima with the Methanobacterium-Thermoplasma pair (52% QP reliability) and confirmed the previously reported relationships between Methanosarcina and the clostridia (87% QP reliability) and between the halobacteria and the high-GϩC gram-positive bacteria (55% QP reliability).
Evolutionary distances between HSP70 sequences. Average maximum-likelihood distances between HSP70s from Archaea, Eucarya, and gram-positive and gram-negative bacterial taxa were calculated by the JTT amino acid substitution model and are shown in matrix form in Table 1 . In accordance with results based on the Dayhoff amino acid substitution model (42; see Discussion), the average distances between the eucaryal sequences and the procaryotic homologues are significantly larger than those seen among procaryotes. This finding supports the argument (42) that the most likely rooting of the HSP70 tree lies between the procaryotic cluster and Eucarya, rather than between gram-positive bacteria and Archaea (24) , or between a gram-positive/archaeal clade and a gram-negative/eucaryal clade (25) .
DISCUSSION
Compared to previous studies of HSP70 sequences, the present data set includes HSP70s from three deep-branching bacteria (A. pyrophilus and T. maritima [this report] and A. aeolicus [14] ) and from the archaeon M. thermoautotrophicum (46) . The results cast a new light on the evolutionary history of dnaK genes by calling into question such critical issues as (i) the orthology of the dnaK sequences; (ii) the paraphily of Archaea with respect to the gram-positive bacteria; and (iii) the ubiquity of dnaK in the evolutionary spectrum.
Lack of phylogenetic specificity of the HSP70 insertion segment. According to Gupta and coworkers (18, (20) (21) (22) (23) (24) (25) , the discrete insertion seen in the N-terminal region of many HSP70 sequences (Fig. 2) is an evolutionary landmark distinguishing Gram-negative bacteria and eucarya (all of which possess the HSP70 insert) from gram-positive bacteria and archaea (which lack the HSP70 insert). Homologues lacking the insert (I Ϫ ) were assumed to represent the ancestral form of the protein from which all the gram-negative bacterial homologues were derived (21), while eucarya would have obtained the insert-containing form of HSP70 (I ϩ ) through the bacterial partner of a postulated endosymbiotic event involving the fusion of a gram-negative bacterium and an archaeon (18, (22) (23) (24) (25) .
These conclusions are challenged by the evidence in this report that A. pyrophilus and T. maritima, two gram-negative bacteria (29, 30) representing adjacent offshoots in the 16S rRNA tree (3, 10) , differ from one another in that A. pyrophilus possesses and T. maritima lacks the insertion segment.
The possibility that the genus Thermotoga is phylogenetically linked to the gram-positive bacteria (8, 12) , or that it obtained its dnaK gene from a gram-positive bacterium, is unlikely. First, the HSP70-based phylogenies place Thermotoga outside any of the gram-positive bacterial clusters and close to Aquificales and green nonsulphur bacteria (Thermomicrobium). Second, a similar placement of Thermotoga is predicted by phylogenies of small subunit rRNA (3, 10, 51) , elongation factors (EF) (2, 5, 36) , and aminoacyl-tRNA synthetases (7) . These phylogenies concur in placing the Thermotogales as the deepest or the second deepest grouping in the bacterial tree-some- Fig. 1 ). The QP method was used with a gamma-distributed model of site-to-site rate variation using eight rate categories. The gamma distribution parameter ␣ estimated from the data set was 0.71 Ϯ 0.04, and the log-likelihood of the tree was Ϫ19,510.8. Numbers above nodes are QP reliability values. The scale bar represents 0.1 amino acid substitution per site. For other details, see the legend to Fig. 3. what deeper than the green nonsulfur bacteria and the deinococci, and definitely remote from the later-branching grampositive bacteria and proteobacteria.
Such incongruity as exists between the placement of Thermotoga in trees of molecular sequences, and its linkage to the gram-positives argued from lack of the HSP70 insert, can be rationalized only by positing that (i) different groupings retained either one or the other of two paralogous versions of the dnaK gene or (ii) the insert is an ancestral trait lost more than once in bacterial evolution. Indeed, by taking as a reference the topologies of the small-subunit rRNA and EF trees (2, 3), the distribution of the two HSP70 forms throughout the bacterial phyla would require multiple insertion/deletion events as one moves from Aquificales (I ϩ ) to Thermotogales (I Ϫ ), to green nonsulfur bacteria and deinococci (I ϩ ), to cyanobacteria (I ϩ ), to gram-positives bacteria (I Ϫ ), and to proteobacteria (I ϩ ). Clustering of archaea with gram-positive bacteria. An additional question raised by the phylogenetic placement of the Thermotogales concerns the postulated paraphily of Archaea with respect to gram-positive bacteria (20) (21) (22) (23) (24) (25) . In contrast to the tenet that archaea are specifically related to (and arose polyphyletically within) the gram-positive bacteria, our results indicate a specific relationship between the archaea T. acidophilum and M. thermoautotrophicum and the bacterium T. maritima. Although the robustness of the ((Thermoplasma, Methanobacterium), Thermotoga) clade is not impressive (52% QP reliability), the association of these three thermophilic taxa is recovered by all the tree-making methods used. Inasmuch as Thermotoga is not affiliated with any of the gram-positive groupings, our observation renders less compelling the general argument of Gupta and coworkers (18, (22) (23) (24) (25) that gram-positive bacteria and archaea constitute the two primary (albeit paraphyletic) lines of cellular descent, the gram-negative bacteria being a later offshoot of the primitive gram-positive line.
Absence of dnaK among the archaea. Several considerations, based on the occurrence of hsp70 (dnaK) among the archaea (Table 2 ) and the topology of the prokaryotic cluster in the HSP70-based phylogenies (Fig. 3 to 5) , support the notion that archaea do not harbor dnaK genes except for taxa that recruited a dnaK sequence from sympatric bacteria.
First a The pairwise maximum-likelihood distances (JTT amino acid replacement model) used for generating the tree of Fig. 6 were averaged between the taxa comprising the individual groups of organisms. The gram-negative (GϪ) bacterial group included all of the bacterial taxa shown in Fig. 6 except the low-and high-GϩC gram-positive (Gϩ) bacteria. P, proteobacteria; D/Cy, deinococci and cyanobacteria; C/S, chlamydiae and spirochetes; Gns, green nonsulfur bacteria; Apy, A. pyrophilus; Tma, T. maritima. Taken together, the above observations strongly suggest that archaeal dnaK homologues, whenever they occur, were derived from bacterial donors through lateral gene transfer events. Horizontal transfer of dnaK between the two prokaryotic domains is in fact suggested by the clustering of HSP70 sequences from organisms (Thermotoga, M. thermoautotrophicum, and Thermoplasma) possibly thriving in similar (hot) environments. Also, horizontal transfer of protein-coding genes between the two prokaryotic domains has been reported repeatedly and is evidenced by the clustering of euryarchaeotes and gram-positive bacteria in phylogenetic trees of glutamine synthetase I sequences (8, 50) .
A similar interpretation of the anomalous HSP70-based phylogenies had been offered by Roger and Brown (42) before the absence of hsp70 (dnaK) in some archaea became obvious from genome sequencing data. They argued, based on a comparison of evolutionary distances between the HSP70 sequences, that (i) the HSP70 tree should be rooted between eucarya and prokaryotes, rather than between gram-positive bacteria and archaea; and (ii) this rooting is compatible with the canonic Gogarten/Iwabe rooted tree of life (17, 31) if the anomalous placement of archaea is the result of a lateral transfer and replacement of their endogenous hsp70 (dnaK) genes by those from bacteria. The recognition that archaea are aboriginally devoid of dnaK simplifies the argument in that the transfer event does not involve a replacement of the homologous resident gene.
Two explanations can account for the lack of dnaK in archaea; one is based on the Iwabe/Gogarten tree of life, and the other relies on the fusion or chimeric model of cellular evolution advocated by Gupta and coworkers (18, (22) (23) (24) (25) and Zillig et al. (55) . In the former case, Archaea and Eucarya constitute sister domains sharing a last common ancestor corresponding to the archaeal-eucaryal branch of the universal tree (17, 31, 54) . If an ancestral dnaK existed in the last common ancestor of extant organisms, the lack of a dnaK gene in Archaea, and its persistence in Eucarya, could be (most parsimoniously) explained only by positing a unique gene extinction event occurring in the archaeal branch of the tree, provided Archaea represents a monophyletic grouping (see references 2, 11, and 19 for a paraphyletic-Archaea option). The alternative possibilities that dnaK either arose in the bacterial branch, or became extinct in the archaeal-eucaryal branch, can be ruled out, as in both cases the eucaryotic cytosolic HSP70s could have been obtained only through duplication and divergence of the (nucleus-encoded) mitochondrial dnaK, and there is no evidence from the HSP70-based trees (reference 6 and this report) that the cytosolic HSP70s arose from within the proteobacterial/ mitochondrial cluster.
The absence of dnaK in various archaea could also be simply explained in the context of the fusion or chimeric model by assuming that one of the two postulated primary lines either contained (Bacteria) or lacked (Archaea) a dnaK sequence.
The HSP70 of the hypothetical eukaryotic chimera was thus contributed by the bacterial parent of the fusion, regardless of whether the bacterium (18, (22) (23) (24) (25) or the archaeon (55) provided the engulfing partner. However, the fusion model of cellular evolution predicts that reciprocally rooted trees for primordially duplicated genes that are contributed by the bacterial parent of the chimera will show Bacteria and Eucarya, rather than Archaea and Eucarya, as the two sister domains. Given this premise, the fusion model is not a persuasive alternative until such a set of paralogous genes is identified and a sisterhood of Eucarya and Bacteria is convincingly demonstrated.
